Recently, we found that Streptomyces coelicolor A3(2), a Gram-positive soil bacterium, produces carotenoid when exposed to light. 3) Evidence showed that LitR, a MerR-family protein, serves as a photo-dependent transcriptional regulator for litS, which encodes an ECF family sigma factor that specifies the transcription of carotenoid biosynthesis genes (crt).
3) LitR shows sequence similarity to CarA, one of the photo-dependent regulators of M. xanthus. CarA represses the transcription of carotenoid biosynthesis genes in the dark, and light-induced sequesterization of CarA induces expression of the biosynthesis genes, 4, 5) but there is no evidence regarding the direct response of CarA to an illumination signal. The relation between LitR function and illumination was also unclear in S. coelicolor A3(2), since our attempts to obtain true knockout mutants for litR and litQ in this organism failed. 3) To study the role of LitR in photoresponse, we introduced the litR region of S. coelicolor A3(2) into Streptomyces griseus IFO13350. It is known that the S. griseus strain retains a carotenoid biosynthesis gene cluster but does not produce carotenoids under any conditions. 6) To our observation, no phenotype of this bacterium is affected by exposure to light. The heterologous expression system was expected to provide information regarding the role and function of LitR without affecting viability.
For introduction into S. griseus, the lit region was cloned onto a plasmid pIJ702, which contains a melanin biosynthesis gene cluster, melC1C2 7) (Fig. 1A) . The cloned DNA fragment contained the litQRS cluster and a flanking promoter region, PcrtY. PcrtY is a LitSdependent promoter that directs the transcription of one of the two operons for carotenoid biosynthesis, crtYTU, in S. coelicolor A3 (2) . By the plasmid construction, PcrtY directed the transcription of a promoter-less mel operon that was located downstream from the promoter in the same orientation. The original (pQRS) and mutated (pÁS, pÁR and pÁQ) plasmids (see Fig. 1A ) were transformed into S. griseus IFO13350, and the resulting transformants were cultured on YMP/glucose agar medium under light and dark conditions (for precise culture conditions, see previous report 3) ). The introduction of the plasmids visualized the PcrtY activity using melanin as a reporter. To construct pQRS, a 6-kb SphI fragment was excised from cosmid J12 obtained from John Innes Centre (Norwich, UK) and inserted at the SphI site of pIJ702. For other deletion mutants, each CDS was removed from cosmid J12 by the REDIRECT technology 8) using the primers shown in Table 1 . REDIRECT technology is an efficient procedure for creating gene replacements in the cosmid clones y To whom correspondence should be addressed. Tel: +81-466-84-3937; Fax: +81-466-84-3935; E-mail: ueda@brs.nihon-u.ac.jp Biosci. Biotechnol. Biochem., 70 (9), [2320] [2321] [2322] [2323] [2324] 2006 Note by PCR targeting and lambda-mediated recombination. 8) Mutated fragments were then excised from the resulting cosmids by digestion with SphI and cloned at the SphI site of pIJ702.
As shown in Fig. 1B , the S. griseus transformant harboring pQRS produced melanin only under the light condition. This indicates that the Lit proteins are functional even in a heterologous host and perform light-responsive transcriptional control. On the other hand, the depletion of litS from the plasmid (pÁS) abolished the melanin formation under both conditions. This is consistent with our previous results, which indicated that
LitS specifies the transcription from PcrtY.
3) Furthermore, it is noteworthy that the depletion of litR (pÁR) caused constitutive melanin production. The elimination of litQ (pÁQ) did not affect lightinduced melanin formation, which indicates that LitQ, a putative oxidoreductase, is not essential for lightinduced transcription.
The mRNA expressed in the heterologous host was quantified by S1 nuclease protection analysis (Fig. 1C) . The conditions for RNA preparation and hybridization were as described previously.
3) The result was relevant to the above observation as to melanin formation. In the S. griseus strain harboring pQRS, the activities of PcrtY and PlitS (litS promoter) were markedly induced by light. PlitR (litR promoter) activity was low, but increased with exposure to light. These results were identical to the previous results obtained as to the transcription in S. coelicolor A3(2).
3) In the S. griseus strain harboring pÁS, the activities of all three promoters were completely abolished. This is partially inconsistent with the previous result in S. coelicolor; that a litS mutant of S. coelicolor lost the activities of PcrtY and PlitS but retained PlitR activity.
3) Currently, we do not have a clear explanation for this inconsistency. On the other hand, the elimination of litR from the plasmid that was introduced into S. griseus (pÁR) resulted in constitutive transcription from the three promoters irrespective of illumination.
The above observations suggest that LitR negatively regulates the transcription from PlitR and PlitS, both of which are probably specified by
LitS . The simplest possibility as to the regulatory mechanism is that LitR binds the promoter region to prevent transcription under the dark condition and dissociates (or changes its A, Schematic representation of lit cluster of S. coelicolor A3(2). The size and direction of coding sequences are indicated by solid arrows. The original and mutated fragments that were introduced into S. griseus on pIJ702 are indicated by solid lines. In each plasmid, the lit region was flanked by a promoter-less melanin biosynthesis operon (mel), which is transcribed by PcrtY, a
LitSdependent promoter. PcrtY transcribes the crtYTU operon in the genome of S. coelicolor A3(2). The S. griseus transformants that harbor these plasmids performed PcrtY-dependent melanin formation. B, Light-induced melanin formation in S. griseus transformants. The S. griseus strains harboring the above plasmids were grown on YMP/glucose agar medium for 3 d at 28
C. Colonies were photographed from the bottom of agar plates. Colonies producing melanin appear black. C, mRNA quantification by S1 nuclease protection analysis. RNA was extracted from the cells of S. griseus harboring pQRS, pÁS, and pÁR, which were grown on YMP/glucose agar medium under dark and light conditions for the indicated periods at 28 C. The amounts of mRNA generated by the promoters preceding crtY, litR, litS, and hrdB (a control encoding a housekeeping sigma factor) were quantified by low-resolution S1 mapping. Conditions for RNA extraction and hybridization were described previously. conformation) upon receiving an illumination signal to recruit an RNA polymerase holocomplex containing LitS . This model is supported by the symmetric structure of the bidirectional promoter region; it was centered on an inverted repeat that overlaps the À35 sequences of both promoters, 3) but we have not yet succeeded in obtaining a LitR recombinant protein that shows binding activity to the promoter region, possibly due to the requirement for the specific ligand molecule, described below.
A genomic database search revealed the presence of CarA/LitR-type MerR family proteins encoded at the loci related to the photo-response in six phylogenetically-diverged bacterial genera (Streptomyces, Nocardia, Thermus, Pseudomonas, Shewanella, and Vibrio) (Fig. 2) . Although the gene organization in each of the above-mentioned loci appeared diverse, most of them contained a CDS for DNA photolyase (phr). DNA photolyase is a repair enzyme that cleaves the pyrimidine dimer that is formed by UV irradiation. 9) Although photoreactivation with respect to enzyme activity has been well-characterized, the effect of light with respect to its expression is poorly described. Recently, Braatsch et al. identified phr as a light-inducible gene in Rhodobacter sphaeroides, a phototrophic bacterium, by genome-wide transcriptome analysis. 10) The locus on a Thermus thermophilus plasmid (pTT27) contained both phr and carotenoid biosynthesis genes (Fig. 2) . The occurrence of carotenoids in T. thermophilus harboring the plasmid has been reported by Tabata et al., 11) but its light-dependence was not known. We have confirmed that carotenogenesis occurs in a photo-dependent manner in this organism (unpublished result).
Another noteworthy gene organization is the CDS clustering of the CarA/LitR-like proteins to the sensory box proteins in Pseudomonas putida. The sensory box proteins contain PAS domains, which are widely found The length and orientation of the CDSs are indicated by the solid arrows. The colored arrows represent the CDSs for the following: CarA/LitR homolog (blue), carotenoid biosynthesis (orange), DNA photolyase (green), PAS domain protein (red), and unknown conserved protein (pale blue). The multiple CDSs in the carotenoid biosynthesis clusters are shown as dashed lines. litS of S. coelicolor A3(2) encodes the specific sigma factor that directs the transcription of the crt gene cluster, and litQ encodes an oxidoreductase of unknown function.
3) The litQRS cluster also exists in S. avermitilis at a locus that differs from that of crt. For the CarA/LitR homologs, the corresponding PIR database accession number (M. xanthus) or genome database IDs (the other nine organisms) are shown below the arrows. Though not shown in the figure, the genomes of Vibrio vulnificus CMCP6 (VV21542), V. vulnificus YJ016 (VVA0356), and Vibrio cholerae (VCA0056) (the ID in parentheses corresponds to the CarA/LitR-like protein of each organism) showed the presence of the same tandem gene cluster that was observed in V. parahaemolyticus. All the genomic data are available at the KEGG GENES database (http://www.genome.ad.jp/kegg/genes.html).
in the sensor proteins that monitor changes in light, oxygen, and redox potential.
12) The role and function of the PAS domain proteins in P. putida are not known. All the organisms that belong to the three Gram-negative genera, namely, Pseudomonas, Shewanella, and Vibrio, possess identical structures; the CDSs for an unknown conserved protein, the CarA/LitR-like protein, and DNA photolyase exist in tandem and have the same orientation (Fig. 2) .
The wide distribution of CarA/LitR homologs and the clustering of their CDS to illumination-related genes strongly suggest that the CarA/LitR-like proteins regulate transcription at the corresponding loci in a photodependent manner. We have preliminarily examined the transcription of the corresponding regions in T. thermophilus plasmid and P. putida and have confirmed the occurrence of photo-dependent transcription (unpublished results).
There are also several bacteria whose CarA/LitR homologs do not appear to cluster with illuminationrelated protein. An example is Dechloromonas aromatica, a Gram-negative bacterium that performs anaerobic benzene oxidation. The CDS retained by this organism (accession no. Daro03003253) is flanked by a CDS encoding glutathione peroxidase. The glutathione peroxidase gene was identified as a light-inducible gene in the above mentioned study in R. sphaeroides, 10) although its physiological significance is unknown. Another example is Bdellovibrio bacteriovorus, a unique predatory Gram-negative bacterium. Although the role of its litR-like CDS (accession no. Bd0931) is not yet known, a preliminary study has demonstrated that it is transcribed in predatory growth but not in prey-independent growth (R. E. Sockett and M. Capeness, personal communication).
The MerR family proteins are known for their specific ligand binding, which affects their affinity for the target DNA.
13) The association of LitR and related proteins with the putative photoresponse systems raises the possibility that the specific ligand is a molecule that receives a signal that is generated upon illumination. The results of a protein motif search with the Pfam program (http://www.sanger.ac.uk/Software/Pfam/) predicts that both CarA and LitR contain a vitamin B12 binding site in the carboxy-terminal region. Vitamin B12 (synonym, cobalamin) is a cobalt-containing tetrapyrrole that serves as a protein cofactor. In M. xanthus, light-induced carotenogenesis is clearly observed in media supplied with vitamin B12. 14) Recently, PerezMarin et al. 5) suggested that CarA binds vitamin B12 in vitro. The property of absorbing blue light, which is a characteristic of vitamin B12 proteins such as methionine synthase, 15) implies that the cofactor plays a significant role in the light-dependent function of the family of transcriptional regulators. Additional circumstantial evidence that bolsters the correlation between vitamin B12 and the CarA/LitR function is the presence of a vitamin B12 biosynthesis gene cluster on the abovementioned Thermus plasmid (database sequence ID, TTP0001-0023).
The evidence for the clustering of the CDS summarized in this paper strongly suggests that the CarA/LitRfamily proteins regulate the transcription of the adjacent illumination-related CDSs in a photo-dependent manner. Analysis using S. griseus as a host suggested that the presence of LitR was sufficient to confer the ability to perform photo-dependent transcription in the heterologous host, which might not retain its own photoresponse system. This implies that LitR is involved in both photosensing and transcriptional control and is exclusive for the mechanism of light-induced transcription in the corresponding promoter region. Precise biochemical characterization of the protein family should reveal a novel mechanism for photo-dependent transcriptional control in procaryotes.
